Ammonia production and assimilation' were examined in photorespiratory mutants of Arabidopsis thaliana L. lacking ferredoxin-dependent glutamate synthase (Fd-GluS) activity. Although photosynthesis was rapidly inhibited in these mutants in normal air, NH4, continued to accumulate. The accumulation of NH4+ was also seen after an initial lag of 30 minutes in 2% 02, 350 microliters per liter of CO2 and after 90 minutes in 2% 02, 900 microliters per liter of CO2. The accumulation of NH4' in normal air and low 02 was also associated with an increase in the total pool of amino acid-N and glutamine, and a decrease in the pools of glutamate, aspartate, alanine, and serine. Upon return to dark conditions, or to 21% 02, 1% CO2 in the light, the NH4+ which had accumulated in the leaves was reassimilated into amino acids. The addition of methionine sulfoximine (MSO) resulted in higher accumulations of NH4+ in glutamate synthase mutants and prevented the reassimilation of NH4' upon return to the dark. The addition of MSO also resulted in the accumulation of NH4' in glutamate synthase mutants in the light and in 21% 02, 1% CO2. These results indicate that glutamine synthetase is essential for the reassimilation of photorespiratory NH41 and for primary N assimilation in the leaves and strongly suggest that glutamate dehydrogenase plays only a minimal role in the assimilation of ammonia. Levels of NADHdependent glutamate synthase (NADH-GluS) appear to be sufficient to account for the assimilation of NH41 by a GS/NADH-GluS cycle. mitochondria (26). In addition, since GDH appears to be loosely associated with the mitochondrial membrane, the estimation of the K,,2 in vitro may underestimate the in vivo activity of GDH (26). Using ['5N]glycine Yamaya et al. (25) were able to demonstrate the incorporation of isotopic label into glutamate by purified preparations of mitochondria from pea and corn shoots. They have suggested that GDH may compete with GS for some of the photorespiratory NH,-and thus contribute to the assimilation of NH4+ into amino acids. The data from labeling experiments with '5NH + in Lemna minor were also consistent with the fractional role of GDH in ammonia assimilation (16) although other experiments have failed to provide evidence for such a role (17) . Although the activity of GDH appears to be limited (6). it may be sufficient to account for primary N assimilation (6, 9, 16, 24).
30 minutes in 2% 02, 350 microliters per liter of CO2 and after 90 minutes in 2% 02, 900 microliters per liter of CO2. The accumulation of NH4' in normal air and low 02 was also associated with an increase in the total pool of amino acid-N and glutamine, and a decrease in the pools of glutamate, aspartate, alanine, and serine. Upon return to dark conditions, or to 21% 02, 1% CO2 in the light, the NH4+ which had accumulated in the leaves was reassimilated into amino acids. The addition of methionine sulfoximine (MSO) resulted in higher accumulations of NH4+ in glutamate synthase mutants and prevented the reassimilation of NH4' upon return to the dark. The addition of MSO also resulted in the accumulation of NH4' in glutamate synthase mutants in the light and in 21% 02, 1% CO2. These results indicate that glutamine synthetase is essential for the reassimilation of photorespiratory NH41 and for primary N assimilation in the leaves and strongly suggest that glutamate dehydrogenase plays only a minimal role in the assimilation of ammonia. Levels of NADHdependent glutamate synthase (NADH-GluS) appear to be sufficient to account for the assimilation of NH41 by a GS/NADH-GluS cycle.
mitochondria (26) . In addition, since GDH appears to be loosely associated with the mitochondrial membrane, the estimation of the K,,2 in vitro may underestimate the in vivo activity of GDH (26) . Using ['5N]glycine Yamaya et al. (25) were able to demonstrate the incorporation of isotopic label into glutamate by purified preparations of mitochondria from pea and corn shoots. They have suggested that GDH may compete with GS for some of the photorespiratory NH,-and thus contribute to the assimilation of NH4+ into amino acids. The data from labeling experiments with '5NH + in Lemna minor were also consistent with the fractional role of GDH in ammonia assimilation (16) although other experiments have failed to provide evidence for such a role (17) . Although the activity of GDH appears to be limited (6) . it may be sufficient to account for primary N assimilation (6, 9, 16, 24) .
Recently, Kendall et al. (9) described some of the physiological characteristics of Fd-GluS mutants of Hordeum vulgare L. Since there was sufficient NADH-GluS activity to account for the ammonia assimilatory requirements of these mutants under nonphotorespiratory conditions, they concluded that NH4 + assimilation occurred via a GS/NADH-GluS cycle.
The purpose of this study was to measure the rates of ammonia production under photorespiratory and nonphotorespiratory conditions, to provide evidence for the mechanism of ammonia assimilation in the GluS mutants of Arabidopsis, and to assess the relative importance of GDH in ammonia assimilation by Arabidopsis leaves.
Although it is clear that GS2 and glutamate synthase are the enzymes responsible for the assimilation of photorespiratory NH4 + in normal plants (18, 22) , the mechanism of ammonia assimilation in Fd-GluS deficient mutants of Arabidopsis thaliana under photorespiratory and nonphotorespiratory conditions is still unresolved. GDH is activated in response to elevated ammonia levels in Arabidopsis leaves (1) and several studies have indicated that GDH may play an important role in the assimilation of NH4 + into amino acids in plant leaves (1, 15, 16, 18, 24, 25) . While it has been suggested that the Km for the NH4 + is too high to account for significant rates of in vivo activity (22) (20) as needed.
Gas-Exchange Analysis. The cuvette was made by cutting 1 cm from the end of a 10 cm (diameter) PVC pipe. Four holes were drilled through the side of the ring to accommodate an inlet and outlet port, a port to allow the introduction of two copper constantan thermocouples, and a manometer port. A clear window of Saran Wrap (Dow Chemical, Sarnia) was secured to the top of the ring with Terostat VII seal (Terosan, GmbH, Heidelberg, FRG) and held in place by a slightly larger ring of PVC pipe. A single intact plant was isolated from the soil by two small (6 x 10 cm) pieces of 0.3 cm thick Perspex which were held in place with Terostat. The cuvette was placed over the plant and sealed to the Perspex base with a bead of Terostat. After connection to an open gas exchange system (13) , the integrity of the cuvette seals were tested by exposing the exterior of the cuvette to elevated CO2 levels (1-3%) and looking for changes in the CO2 levels in the air stream exiting from the cuvette. The CO2 concentration of the gas stream was monitored with a UNOR II IR gas analyzer (H Maihak AG, FRG) and transpiration rates were calculated from changes in the dewpoint of the exiting gas stream (EG & G, model 880, Waltham, MA). The flow rate of the gas stream was varied so that the maximum depletion of the CO2 in the air stream was less than 25 ,ul L-I CO2. At the end of the experiment, the plants were quickly frozen by slashing the clear plastic window of the cuvette and pouring liquid N2 over the plant. While they were still frozen, the leaves were transferred to a test tube and ground to a fine powder with a glass rod. The sample was placed on ice, and 5 ml of cold methanol was added. Portions were subsequently used for the determination of Chl, ammonia, and amino acid levels as described below.
Measurement of Ammonia Volatilization. An ammonia gas trap (5) was constructed by filling a 25 cm by 1 cm (i.d.) tube with 20 ml of glass beads (3 mm). Both ends of the glass tube and central portion (0.5 cm) were lightly packed with glass wool, a solution of 1% H3BO3 was passed through the column, and the trap was positioned to filter the air exiting the cuvette. At the end of the experiment, the H3BO3 was eluted from the beads with an additional 10 ml of solution and analyzed for ammonia as described (10) .
Ammonia Accumulation in Leaf Discs under Nonphotorespiratory Conditions. Leaf discs (6 mm) were cut from mature leaves with a cork borer and floated in 50 mM K2HPO4 (pH 7.2) or buffer containing 1 mM (MSO) for 60 min. Leaf discs were placed abaxial side up on two thicknesses of wet cheesecloth which was stretched across the top of a Perspex cylinder (0.5 x 6 cm, diameter) in the cuvette. A gas stream of 21% 02, 1% C02, and about 90% RH was passed through the cuvette, and the discs were illuminated at 500 ,uE m 2 -1. At the end of the experiment the cuvette was covered with a dark cloth, and the leaf discs were rapidly removed from the cuvette in a darkened room, blotted dry, and frozen in liquid N2.
Ammonia Accumulation in Leaf Discs under Photorespiratory Conditions. Fifteen to 25 leaf discs were placed in 50 ml Erlenmeyer flasks containing either 15 ml of 50 mm Hepes or buffer containing 1 mM MSO adjusted to pH 7.2 with KOH. The flasks were placed in a shaking water bath (25°C) that could be illuminated from below by a bank of 50 W reflector bulbs. The flasks were flushed with an air stream at 200 ml/min. At time zero, the flasks were vacuum-infiltrated for 30 s, and then the lights were turned on. In dark controls, the flasks were covered with aluminum foil. At the end of the experiment, the buffer was reserved for subsequent ammonia analysis, and the leaf discs were blotted dry and frozen with liquid N2.
Enzyme Analysis. NADH and Fd-GluS extracts were prepared as described (23) (14) . When ferredoxin was used as the electron donor, the assay also contained 1.8 mg of sodium bicarbonate and 1.8 mg of sodium dithionite per ml. The reaction time was varied to ensure that no more than 10% of the 2-oxoglutarate was consumed. The reaction was stopped by the addition of 200 ,ul of 3% H.O, and after S min an excess of catalase was added to destroy the H,O,. This procedure was found to be necessary because the H,O. appeared to cause some of the glutamine to be degraded to glutamate. Glutamate formation from GluS enzyme assays was determined by first applying the sample to a 2 ml column of Bio-Rad AG 1 resin (formate form). The column was washed with water (15 ml), and glutamate was eluted from the column with 15 ml of 4 N formic acid. The elulate was taken to dryness, and the residue was resuspended in water. Glutamate was determined by OPA derivatization (8) and separation on a 25 cm C18 column using a solvent of methanol:0.05 mm sodium acetate (37:63) at pH 5.9 and a flow rate of 0.7 ml min-l.
Measurement of Metabolite Levels. The Chl content of the methanolic extract was determined according to Mackinney (12) after correction for absorbance of the sample at 720 nm. Approximately 6 ml of chloroform were added to the remaining methanolic extract followed by an equivalent volume of water. The aqueous fraction was transferred to a second test tube and made up to 20 ml by sequential washing of the chloroform:methanol:water fraction. An aliquot was used to determine ammonia levels in the extract (10) , and the remaining portion was taken to dryness, dissolved in a small volume of water, and passed through 2 ml of Bio-Rad AG-50 (H+ form). The column was washed with distilled water and then eluted with 2 N NH,CI.
The eluate was taken to dryness and redissolved in lithium citrate buffer (Pierce Buffer A x 0.1) and amino acids were determined by ion-exchange chromatography (4).
RESULTS
Photosynthesis and Transpiration in Wild-Type and GluS Plants. Following transfer to the light, photosynthesis and transpiration in 350 ,u1 L-I CO2 and 2% or 21% 0, increased sharply in wildtype plants, and steady state rates of photosynthesis were reached after 20 to 40 min (Fig. 1) . In the GluS mutants, exposure to light and 2% 02 (Fig. 1 ) resulted in a maximum rate of photosynthesis after 30 to 40 min that was comparable to steady state rates of photosynthesis in wild-type plants (156 ±+3 ,umol CO, mg 'Chl h-' [n = 22] and 168 ± 13 ,mol CO, mg ' Chl h-[n = 9], respectively). However, after 40 min, photosynthesis declined slowly while transpiration either was not affected or declined only after significant inhibition of photosynthesis had been observed (data not shown). The average decline of photosynthesis after 120 min in the light was 25 ± 3% (n = 7) of the maximum rate of photosynthesis in 2% O.
In 21%02, 350 p1 L-I CO2 (Fig. 1 ) photosynthesis in the GluS mutants increased for the first 6 to 8 min after the start of illumination before declining rapidly over the subsequent 5 min period. After the initial 25 min period of exposure to photorespiratory conditions, the rate of decline of photosynthesis slowed; after 120 min, a low rate of net photosynthesis persisted.
Ammonia Accumulation in 2% and 21% 02. The effects of light, CO., and 02 on NH,+ levels in the shoots of GluS mutants are shown in Figure 2 . In the dark, and similarly in the light and 1% CO. NH,+ levels were below 0.8 ,umol mg-Chl. In the light and 21% O, 350 p.l L CO,, NH,+ accumulated rapidly and continued to accumulate although photosynthesis had declined to very low levels after 20 min. Volatilization of ammonia from the leaves of GluS mutants was not a significant factor since the amount of ammonia found in an ammonia gas trap was less than 6% of the ammonia which had accumulated in leaves during Ammonia Disappearance under Nonphotorespiratory Conditions. When the GluS mutants were returned to the dark or nonphotorespiratory conditions in the light (1% CO2) following a 2-h exposure to 21% 2, the ammonia which had accumulated in the leaves disappeared (Fig. 3) . The disappearance of ammonia in the light and dark was associated with a decline of similar magnitude in soluble N over the first 2 h of the recovery period.
In the light, the disappearance of ammonia was also coincident with a significant increase in the pool size of glutamine. Subsequently, the glutamine pool declined, but the glutamate pool increased more than twofold over levels at the start of the recovery. Thus, after 5.3 h the distribution of soluble N was similar to that seen in mutants which had not been exposed to photorespiratory conditions (Table I , items 10 and 13).
In the dark, the disappearance of ammonia was associated with an initial increase in the glutamine and glutamate pools. Subsequently, the glutamine pool declined while glutamate, aspartate, and asparagine pools continued to increase with time. While the levels of amino acids after a 7 h recovery period were still lower than dark controls (Table I, items 9 and 14), the data Figure  3 , A and B, respectively. *Values followed by an identical letter in the same column are not significantly different (P < 0.05).
and GluS mutants (albeit at different rates) when the discs were DARK RECOVERY maintained in the light under nonphotorespiratory conditions (Fig. 5) .
NADH-Dependent GluS Activity. Fd and NADH-GluS activities were found in crude leaf extracts of both wild-type plants and Fd-GluS mutants of Arabidopsis (Table II) trends suggested that these pools would likely continue to increase with time (Fig. 3) .
NH4, Reassimilation in Leaf Discs. Since the decrease in the pools of NH4+ and glutamine and the increase in glutamate and aspartate during the recovery period suggested that the capacity for reassimilation of photorespiratory-produced ammonia was localized in the leaves, a series of experiments were done with leaf discs to confirm this hypothesis. Under photorespiratory conditions in the light, leaf discs accumulated ammonia at comparable rates to those observed in intact plants (Fig. 4 and Fig.  2 ). Upon return to dark conditions, the rate of disappearance of ammonia (Figs. 3 and 4) was also similar to rates observed in intact plants.
MSO treatment of leaf discs resulted in rapid increases in ammonia levels of both wild-type plants and GluS mutants in the light (21% O,, 350 gl L CO., Fig. 4) but not in the dark (data not shown). MSO also appeared to prevent the reassimilation of ammonia when leaf discs of both wild-type and GluS mutants were returned to the dark. MSO treatment also resulted in the accumulation of ammonia in leaf discs of wild-type plants
DISCUSSION
Although there was no accumulation of NH,' in the GluS mutants in the light and 21%c Or, 1V1c COn, the increase in the glutamine pool and the decrease of glutamate suggested that the capacity of the mutants to transfer the amide N of glutamine to 2-oxoglutarate was limited (Table I ). Similar observations have also been reported for GluS mutants of barley (9) . The transfer of the mutants to the light and 21% 0, 350 ,ul L CO, resulted in inhibition of photosynthesis, substantial depletion of the pools of the major amino acids, and an increase in the pools of ammonia and glutamine. In contrast, prolonged exposure (7 of nitrate to ammonia, decreased export from the leaves, decreased incorporation into proteins due to the depletion of certain amino acids, and/or enhanced breakdown of leaf proteins.
In contrast to earlier reports (7) , it appeared that the assimilation of ammonia in leaves was not light dependent (Fig. 3) . The data also indicated (Fig. 4 ) that leaf discs of GluS mutants could reassimilate ammonia and that the reassimilation of ammonia into amino acids was inhibited by the inactivation of GS by MSO. If GDH were a major ammonia-assimilating enzyme in GluS leaf discs, ammonia levels would be expected to decline when the leaf discs were returned to darkness. However, in the presence of MSO, ammonia which had accumulated was not reassimilated when the leaf discs were returned to darkness. In any case, these results confirmed that GS was essential for the assimilation of ammonia under the normal growth conditions for both wild-type and mutant plants.
The detection of sufficient NADH-GluS to account for the in vivo rates of ammonia assimilation in leaf discs under nonphotorespiratory conditions strongly suggests that the assimilation of ammonia in the GluS mutants occurred via a GS/NADH-GluS mechanism. Although the activity of NADH-GluS is considerably less than Fd-GluS, the presence of a NADH-GluS in wildtype leaves may facilitate the assimilation of ammonia in the dark.
